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ABSTRACT 
This paper is aimed at the fundamental 
understand-
ing of the impact failure mechanism o
f the compressor 
valve plate. The analytical solution 
of the displace-
ments of the half-space due ~o a point 
impact load as a 
Green's function is derived • The nu
merical solution 
of the displacements and stresses in a 
plate due to the 
axisymmetric impact pressure are obtain
ed after apply-
ing the special convolution and superpo
sition algorithm 
developed by using the half-space solu
tion. The wave 
effect on the material failure is clea
rly demonstrated 
and the new S-N curve in considerati
on of the wave 
propagation due to impact is recommende
d. 
l. INTRODUCTION 
There are two types of stresses, b
ending and 
impact, associated with a reed valve
 dynamics. The 
bending stress develops near the clamp
ed end of a reed 
as the valve opens and closes. Sig
nificant impact 
stress is generated when the tip or any
 other portion 
* Work was performed while a Graduate Research 




of a reed valve strikes its stop or seat with relative-ly high speed. A simple reed model is shown in Fig. 1. 
A fatigue failure may develop near the clamped end or the tip of a reed valve after many operating cycles. 
Other failures, especially fractures in the vicinity of the valve tip (1), suggest that the contribution of 
local impact stresses generated by two or three dimen-
sional wave effects may be significant. 
As a first step toward the identification and understanding of the impact failure mechanism, the characteristics of the dynamic stress waves in a three dimensional valve reed in the vicinity of the impact 
force location has been investigated. 
It seems impractical to try to obtain the numer-
ical solution from the mathematical formulations for a plate under a point or distributed impact over its surface because of the complex boundary conditions. Therefore, an algorithm called the superposition technique (2) which was used to derive the response of 
a plate to a line source has been adopted and utilized 
for this reason. This algorithm and numerical results for a plate are to be presented in Section 4. 
Since the relationship between the half-space solution and the plate solution by using the super-
position technique has been established, the solution of the half-space should be achieved. Thus, in Section 2, a brief background of the mathematical formulation of a point impact on an elastic half-space and the resultant numerical solutions are presented. The mathematical expression of displacements is 
represented by compl-ex integral equations. These integral equations are numerically evaluated and presented. Section 3 describes the convolution procedure to distribute a point source over a determined area and some numerical results are 
presented. The states of stress associated with the displacements for the gate function in half-space are also shown in Section 3. Finally, the discussion and conclusions of the plate solution are to be presented in Sections 5 and 6. The three dimensional results obtained are compared with one dimensional results. 
2. POINT IMPACT SOLUTION IN HALF-SPACE 
We consider a homogeneous, isotropic and linearly 
elastic half-space Z ~ 0 whose free surface is subject-
ed to a concentrated normal load in Z direction of magnitude. The displacement field is determined from 
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two scalar potentials ~ and ~- Thus, we have to solve 
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The boundary conditions at z = 0 take the form 
0 -f H(t) ~ 
z 211r 
, (2. 4) 
and 
0 rz 0 (2. 5) 
where .S and H are delta and Heaviside step function 
notations, respectively. Thus we have a point impact 
force applied at the center of the coordinate system 
with an infinite time dependence. The initial 
conditions are: 
0, , 0 at t 0. ( 2. 6) 
Finally, there is an auxiliary condition that the 
displacements remain bounded as z goes to infinity. 
Therefore, our task is to solve the wave equations 
( 2. 1) with the boundary conditions in Eqs. ( 2. 4) and 
( 2. 5) and the initial conditions in Eq. ( 2. 6) in terms 
of displacement potentials ~ and ~, and derive an 
analytical expression for the displacement U , U after 
substituting ~ and ~ in Eqs. (2.2) and (2.3): F5r that 
purpose the Laplace and Hankel transformations are 
applied. To get the inversion of the transformed 
equations cagniard method (3) is to be used. The first 
author's thesis (4) can be referred to for a detailed 
mathematical derivation of the final analytical 
solutions. 
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The numerical solution of the analytical expres-sion derived was solved by employing the DCADRE routine of the IMSL library on the Cyber 205 super computer system. The vertical displacement of the interior and the surface are shown in Fig. 2 for t=3 micro seconds after the application of a unit point impact force on the surface at the center of the coordinate system. This is marked by an arrow in the figure. Note that the positive U denotes downward displacement and the negative U den~tes upward displacement. z 
3. NUMERICAL CONVOLUTION 
After the displacements due to the point load have been obtained, the displacements due to the distributed impact pressure on the surface of the half-space may be calculated from the convolution procedure in space by superimposing the point load solutions. Thus the point solution can be considered as a Green's function, Gf. If the response Gf at (r, e) due to a concentrated force at (r', e') ~s known, the general response U(r, 8) due to a distribution of surface impact pressure p ( r, e) over the contact area, A, can be obtained by ·superposition: 
where 
u 
j f f p(r',8') Gf(r~r•,8-8')r'dr'd8' r' e• 
dA rdrdS. 
(3 .1) 
The response due to an arbitrary time distribution can be calculated in a similar fashion by applying convo-lution in time. The convolution of this discrete system can be most efficiently performed by applying the FFT (Fast Fourier Transform) algorithm when the given integrand is transformed through the discrete Fourier integral (5). However, this algorithm cannot accurately handle the integrand which changes rapidly and abruptly (6). Furthermore, the integral equation of the Green's function complicates the algorithm. Therefore, a special convolution scheme is desirable. The convolution scheme will fill the contact area by the number of elementary point load and sum the resultant response by using the Green's function concept. 
Figure 3 is the typical vertical displacement for arbitrary pressure distribution in space when the time input is given as a gate function. The pressure of 
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unit load is applied on the surface for l micro seco
nd 
and then released, The response is taken at t=2 mic
ro 
seconds after the pressure is released. The surfac
e 
displacements are not shown because of the Raylei
gh 
singularity in the Green's function. If the lo
ad 
distribution gets more saturated near the center of th
e 
R-axis, then the displacement due to that load wi
ll 
monotonically approach the displacement of a poi
nt 
load. We observe that the displacement near the wa
ve 
fronts has been considerably smoothed out. 
The normal and shear stresses are obtained by diffe
r-
entiating the displacement field numerically since th
e 
analytical expression for the stresses is qui
te 
difficult to derive. Figure 4 illustrates the typic
al 
normal stress by the same gate time function input 
as 
was used in the displacements. Like the case 
of 
displacement, all the static effects are eliminat
ed 
because of the short time duration of l micro second. 
4. SUPERPOSITION FOR A PLATE SOLUTION 
A plate solution can be obtained by determining 
the response of every point in a plate over who
se 
surface the impact pressure is applied. Generall
y, 
there are three different types of waves propagatin
g 
through the interior from the point of impact. If 
we 
ignore the transmission of waves into the air then a
ll 
the energy is carried along with the reflected wav
es 
leaving a traction free boundary. 
The response of a plate is the same as the re-
sponse of a half-space if the observed time scale 
is 
less than the characteristic time of transmission 
of 
disturbance across the thickness h, i.e., 
( 4 .1) 
where t is the observed time and C is the speed of th
e 
P wave. However, as soon as thePwave front hits th
e 
back boundary of the plate, the half-space solutio
n 
will violate the boundary condition of the plate whi
ch 
is traction free. Since the half-space solutio
n 
generally has finite stresses other than zero at dep
th 
h, artificial stresses must be delivered over th
e 
horizontal line of Z=h as shown in Fig. 5 to make th
e 
stresses at that line, which correspond to the ba
ck 
surface, zero. The new pressure applied at the surfac
e 
of the second half-space, which is an overturned for
m 
of the original half-space, again, may have fini
te 
stresses at Z=h which corresponds to the front surfac
e. 
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This "calculate and cancel stresses" process will be 
repeated according to the time frame of interest. The 
final state of displacements or stresses can be 
obtained by summing all the responses in each of the 
half-spaces. This superposition method was used by 
Shmuely (7) and Blinka (2) for the response of plates 
to a line source. 
However, there is one conceptual difference 
between the approach in this paper and those of previ-
ous researchers. Unlike the case of a line source, 
there are no analytical solutions of stress available 
for a point source because of the mathematical 
difficulties involved in the inversion procedure. 
This means that we do not have any explicit stress 
equations to apply as artificial input sources in the 
superposition process. Thus, a special algorithm needs 
to be developed in consideration of that difficulty. 
Figures 6 and 7 explain two steps of superposition to 
eliminate the stresses of u and u at the boundaries 
of a plate to satisfy the z bounda~~ conditions. The 
vertical displacement of the plate is shown in Fig. 8. 
The pressure is applied again for 1 micro second. The 
response has been taken at t=2 micro seconds after the 
pressure is released. The normal and shear stresses 
are shown in Figs. 9 and 10 for a uniform disk pres-
sure. We can observe stress fluctuation near the S 
wave fronts. Thus, the material experiences compres-
sive and tensile stresses as the wave propagates and is 
reflected from the boundary. Based on our experience, 
it is reasonable to guess that the stress fluctuation 
at the S wave front would be more severe and abrupt if 
the pressure distribution were saturated near the 
center point of the R-axis. 
5. DISCUSSIONS AND CONCLUSIONS 
It will now be interesting to compare our three 
dimensional results with the one dimensional results 
for the displacements and stresses of the plate inte-
rior for gate function time dependence as obtained in 
Section 3. Furthermore, the comparison may serve as a 
check whether the superposition method has been cor-
rectly executed for a plate, since the three dimen-
sional response must approach the one dimensional 
response if one dimensional loading conditions are 
imposed. 
If the finite pressure distribution is wide enough 
on a half-space, then the displacement field and the 
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resultant stress field near the surface sh
ould be 
similar to the one dimensional case. Figures 1
1 and 12 
display a for a gate function time depend
ence for 
three different cases. In this plot two thre
e dimen-
sional curves have been normalized with resp
ect to a 
one dimensional curve. Figure 11 shows the res
ponse at 
t=O. 58 micro seconds after the application o
f a gate 
function pulse of duration time of 1.21 micro 
seconds. 
Thus, the leading edge of the pulse has rea
ched the 
free plate boundary in this time frame. F
igure 12 
shows the pulse reflection at the free boundary
 for the 
same situation. One can clearly observe that t
he three 
dimensional solution agrees very well with on
e dimen-
sional theory when the pressure distribution 
is wide 
enough to simulate the one dimensional case. A
lso, the 
plot demonstrates the reversal of the stress si
gn. The 
compressive pulse reflects as a tensile pulse 
from the 
free boundary of the plate, which one dim
ensional 
theory has predicted. 
Although the valve failure is presumed to re
sult 
from fatigue type fracture, it would be interes
ting and 
instructive to analyze our three dimensional re
sults in 
terms of material failure such as spalling or s
cabbing. 
Figure 13 is a schematic illustration of spa
lling due 
to impact on a plate (8). To understand the m
echanism 
by which such spalling occurs, consider the co
mpressive 
stress pulse traveling through the plate as a r
esult of 
an impact on the left-hand surface as shown
 in the 
figure. As the compressive wave travels thro
ugh the 
plate and reaches the free surface, it refle
cts from 
the free surface as a tension wave. The r
eflected 
tension wave interacts with the incident com
pressive 
wave as shown. At a depth h below the ri
ght-hand 
surface of the plate the resultant tensile
 stress 
locally exceeds the critical normal fracture
 stress. 
The material then fractures, and a scab flies
 off the 
surface. Returning to our results shown in 
Figs. 11 
and 12, we have a very similar situation o
f stress 
reversal. As the figures show, if the reflecte
d stress 
wave exceeds the fracture stress of the valve
, then a 
material fracture such as spalling may occ
ur. The 
phenomenon may increase the stress concentratio
n at the 
fractured boundary, eventually leading to th
e cata-
strophic global fracture. The wave reflection
 at the 
locally fractured boundary may contribute gr
eatly to 
the fracture initiation and propagation. Thus
, if the 
valve material has some defects such as micro c
racks or 
inclusions in its interior, or poor surface fi
nishing, 
then the wave reflection from the discontinuiti
es might 
lead to macro cracks. A good surface finis
hing is 
believed to have a positive influence on valve
 failure 
because the Rayleigh wave is a dominant featur
e on the 
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surface. Stress wave reflection from the side boundary interacting with the reflected stress waves from the back surface of the plate is also thought to be an important contributing factor to the overall fracture mechanism. 
Another point to note about Figs. ll and 12 is the stress fluctuation. It is well known that a material exhibits surprisingly low critical fracture stress when it experiences stress fluctuation in a repeated loading condition. This stress fluctuation eventually leads to fatigue failure. Since fatigue characteristics of a material cannot be deduced from other mechanical properties, they must be measured directly. Generally this involves laboratory fatigue testing. The .rotating-bending fatigue testing machine of the constant bending moment type, for example, is a typical experimental set up used for constructing S-N curves. These curves constitute design information of fund-amental importance for machine parts subjected to repeated loading. The S-N curve constructed by this kind of bending-type fatigue test machine is only useful for a harmonic loading condition. As Figs. 11 and 12 imply, the stress fluctuation from compressive to tensile stress or vise versa whenever the traveling wave fronts hit the free boundary of the plate should be considered in generating the S-N curve, because the material undergoes several cycles of stress fluctuation for each impact before the reflected stress wave attenuates due to internal friction. The fatigue stress level in the case of impact is believed far lower than that in the case of sinusoidal loading for this reason. Thus, it is believed that the S-N curve must be constructed from the impact fatigue test machines which inco.rporate the effect of wave reflection from the free boundary of the plate for a better prediction of valve life. Svenzon ( 9) made a start in this, but much more work needs to be done. 
The analysis shown in this paper can be used to interpret controlled fatigue experimental data. 
6. CONCLUSIONS 
(l) The analytical and numerical solutions of the half-space due to a point impact were obtained. 
(2) An efficient numerical convolution algorithm was 
developed for the response (displacement and stress) of the half-space due to the distributed impact pressure. 
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(3) The superposition method was developed to o
btain 
the plate response by using the half-space
 
solution. 
(4) The importance of the stress 
fluctuation in a plate due to the 
waves was discussed. 
reversal and 
impact stress 
(5) A new impact fatigue test machine was sugg
ested 
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FIGURE 3. U~ vs. R in half-space (Arbitrary pressure 
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FIGURE 7. Second step of superposition to eliminate 
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FIGURE 10. Orz vs. R of the plate (Gate Fn., t=3 v sec.) 
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ABSTRACT 
The self-excitation mechanism causing the 
flutter 
of reciprocating compressor plate valves i
s experimen-
tally investigated under steady state cond
itions. The 
relation between the plate oscillations an
d the resul-
ting pressure pulsations is established by
 means of si-
multaneous recording of the plate movement
s and the up-
stream and downstream pressure pulsations. 
It is shown that movements of the valve pl
ate pro-
duce fluid forces which are destabilizing 
because they 
are in phase with the velocity of the plat
e. Thus, 
acoustic resonances of the piping system a
re strongly 
excited due to their cqupling with the vib
ration of the 
v~lve plate. The stiffness of the valve sp
rings has 
been found to have very little influence o
n the vibra-
tion frequency which is controlled by the 
system acous-
tical resonances. 
\V'hilst the system oscillation is sustained
, the 
valve plate stays parallel to the seat, bu
t substantial 
plate tilting eliminates this vibration. T
hus, the 
valve vibrations can be eliminated by usin
g unevenly 
distributed springs which force the valve 
plate to tilt 
while opening. 
1. INT)'WDUCTION 
Self-excited vibrations of spring loaded c
ompres-
sor valves are sustained via a destabilizin
g fluid 
force which increases as the valve lift is
 increased. 
Several iqvestigations have characterized 
experimen-
tally (1, 2) and theoretically (3, 4) this
 destabili-
zing fluid force as a force (or a pressure
) coefficient 
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